Background and Summary: Traditionally, functional gastrointestinal disorders (FGID), including functional dyspepsia or irritable bowel syndrome (IBS), are defined by more or less specific symptoms and the absence of structural or biochemical abnormalities that cause these symptoms. This concept is now considered to be outdated; if appropriate tests are applied, structural or biochemical abnormalities that explain or cause the symptoms may be found in many patients. Another feature of FGID are the highly prevalent psychiatric comorbidities, such as depression and anxiety. It is implied that mood disorders "cause" gastrointestinal symptoms. In fact, epidemiological data now provide strong evidence that in subsets of cases, gastrointestinal (GI) symptoms arise first and mood disorders occur later, while in other patients the reverse appears to happen. Possible mechanisms for gut-brain dysfunction have been identified, with systemic minimal inflammation as a causal factor in at least some subjects. Other mechanisms that play a role in FGID include chronic infections, intestinal microbiota, low-grade mucosal inflammation including the increase of eosinophils, systemic immune activation, altered intestinal permeability, in diarrhea predominant IBS altered bile salt metabolism, abnormalities in the serotonin metabolism and genetic factors. All these factors might be modulated by environmental factors such as diet. Key Messages: While a number of factors can be linked to specific symptoms (e.g., pain or diarrhea), it is evident that the symptom-based categorization of patients will not allow targeted treatments that specifically address the underlying pathophysiology.
Introduction
Functional gastrointestinal disorders (FGID) such as functional dyspepsia (FD) or irritable bowel syndrome (IBS) are characterized by chronic or recurrent abdominal symptoms of pain [1] , and in the case of IBS, associated with either relief or exacerbation by defecation, or a change in bowel habits [2] . Since the Rome criteria were first introduced in 1994 [3] , major progress has been made. When the Rome criteria were established, the diagnosis of FGID essentially indicated that there was no "biologic" cause of symptoms. Thus, the Rome criteria were originally developed to provide guidance by positively diagnosing (identifying) patients with FGIDs and categorizing patients without a "structural" cause of symptoms. Subsequently, the Rome criteria have shaped the conduct of clinical trials, particularly by defining inclusion and exclusion criteria [4] . By initiating the Rome process 2 decades ago [3] , the field has advanced gradually. Awareness of FGID has increased and substantial progress has been made with regard to their epidemiology and pathophysiology. However, this contrasts the very limited progress that has been made with regard to the efficacy of treatment. While the Rome criteria might have been exceptionally valuable in shaping the definitions and recognition of FGID, the failure to include markers for the underlying pathophysiologic mechanisms or response markers into the categorization system, efficacy of treatment has not progressed.
Pathophysiologic Concepts in FGID
For decades, research in the field of FGID aimed to explore the underlying disease mechanisms centered on alterations of GI motility [5] and visceral sensory function [6] . However, despite the fact that alterations in both motor and sensory functions are probably relevant for the manifestation of symptoms in some patients, in most they may simply represent markers for underlying disturbances [7] . While many exciting therapeutic approaches have been tested, there is no focus on patient care. Ultimately, most novel treatments have failed since the gain over placebo was negligible and/or confined to very small subgroups.
In recent years, a number of mechanisms have been explored. These include disorders of the gut-brain axis, effects of diet, genetic factors, infections and disturbances in the intestinal microbiota, low-grade mucosal inflammation, immune activation, altered intestinal permeability, disordered bile salt metabolism or abnormalities in 5-hydroxytryptamine (5-HT) metabolism. In addition, environmental factors also appear to play a role. Recently, a striking inverse relationship between symptom prevalence and gross domestic product in the respective European countries was observed ( Fig. 1) [8].
Gut-Brain Interactions
Comorbid anxiety and depressive disorders are highly prevalent in patients with FGID and community samples of subjects with FGID symptoms [9, 10] , and these associations are not explained by healthcare-seeking behavior alone. Thus, it was speculated that the increased prevalence of psychiatric comorbidities in FGID patients reflects the fact that FGID may be a primary manifestation of brain dysfunction [11] , or even primary somatization [12] , with the brain driving the gut manifestations. The link, however, is more complex. Epidemiological data from 3 prospective studies [13] [14] [15] suggest that in at least half of the cases, GI symptoms arise first and incident mood disorders occur later. Other studies emphasize the role of (intestinal) inflammation and cytokine response [16] , and the gut microbiome [17] in driving such gut to brain alterations. If these findings hold true, reversing GI dysfunction -which is achievable as the gut is more accessible than the brain -could allow targeting and potentially curing not only the FGID but also concomitant mood disorders.
The Role of Diet
In the clinical setting, many patients with FGID report links between the ingestion of specific foods and symptoms. Interestingly, these are not reproduced when rechallenge occurs with the offending food in a doubleblind manner [18] . However, diet can change the gastro- intestinal microbiome, and this might be a relevant factor for symptoms in FGID [19] . Fermentable oligo-, mono-, and disaccharides and polyols (FODMAPs), which are present in stone fruits, legumes, lactose-containing foods, and artificial sweeteners have been found to exacerbate symptoms in a subgroup of patients due to their fermentation and osmotic effects [20] . Studies using magnetic resonance imaging confirm that when FODMAPs are administered to healthy volunteers, small bowel distension occurs due to increased small bowel water content [21] . While this does not cause symptoms in healthy subjects, in patients with FGID and altered sensory function, FODMAPs induce symptoms in a subset of subjects.
Non-celiac gluten sensitivity is another interesting concept. Some IBS and FD patients, without evidence for celiac disease based on serological markers and histology, experience substantial improvement in symptoms upon withdrawal of gluten from their diet. In a multi-center double-blind placebo-controlled trial, 140 patients with functional GI symptoms were randomized to a strict 3-week gluten-free diet (GFD) [22] . Responders to GFD were asked to continue with the diet, but were re-challenged with gluten or placebo in a double-blind manner. Out of those who met criteria for IBS, 55 (71.4%) responded to GFD. Of these, 53 then entered the re-challenge phase of the study, and 18 (34.0%) reported a symptomatic relapse following gluten ingestion. Thus, gluten may cause symptoms in a subgroup of patients without evidence of celiac disease.
Genetic Factors
In the clinical setting, FGID frequently cluster within families. It has been reported that IBS aggregates in families [23] , and twin studies of IBS have shown higher concordance rates among monozygotic twins than dizygotic twins [24] . This suggests that genetic factors may play a role in FGID [25] . It needs to be noted that most studies done so far were hampered by relatively small sample sizes and most genetic association studies of selected candidate genes in FGID have involved less than 2,000 patients and structural lesions (confounders) have not always been properly excluded. However, in FD, many (but not all) studies have observed a link with specific genotypes of the G-protein subunit 825 [26] [27] [28] . Overall, the CT genotype appears less likely in FD, while TT and CC are increased. More recently, a mutation of the SCN5A-encoded Na(v)1.5 Na + channel -which is associated with congenital prolonged QT syndrome -has been found to be associated with abdominal pain [29] . Interestingly, this ion-channel is also found in the interstitial cells of Cajal and in the circular smooth muscle in the human GI tract. A pilot study [30] including 49 IBS patients with moderate-to-severe abdominal pain, demonstrated a mis-sense mutation in SCN5A, leading to a loss of function of this channel in one patient. This was not observed in the DNA of 1,500 healthy controls. A subsequent genome-wide association study performed in 584 patients with IBS and 1,380 healthy controls [31] replicated the finding. However, this mutation is only present in approximately 2% of individuals with IBS. Treatment with the anti-arrhythmic drug mexiletine of one individual with IBS-C resulted in the normalization of bowel habits. This appears to be the first mutation to be linked to IBS and provides strong evidence that genes, albeit uncommonly, can directly induce IBS symptoms.
Other research has focused on genes related to immune regulation and epithelial barrier function [32] , 5-HT signaling [33, 34] , cannabinoid receptors [35] , and bile acid (BA) synthesis [36, 37] , with varying results. The largest genome-wide association study to date in IBS contained only around 5,500 individuals [38] , which compared with 30 to 40,000 in some inflammatory bowel disease cohorts [39, 40] , limits the ability to draw firm conclusions.
Evidence for the Role of Infections in FGID
It is well established that acute enteric infections frequently precede the onset of IBS, (predominantly IBS-D), or other functional GI disorders [41, 42] . In animal studies with chemically induced colonic inflammation, the severity of inflammation is linked to the severity of subsequent visceral hypersensitivity, which might be an underlying mechanism for the development of symptoms [43] . Further strengthening the concept of GI infections as a critical factor for the pathophysiology of FGID are data from Walker et al. [44] . In their study, GI symptom questionnaires were administered to a random populationbased sample of 745 individuals. Subjects were classified as having IBS according to the Rome III criteria, and histopathological examination of colonic biopsy specimens was undertaken. This demonstrated that 17 individuals had colonic spirochetosis, of whom 6 met criteria for IBS, with a significant odds ratio for IBS among those with spirochatosis of 3.6, compared to those without. Biopsies from those with colonic spirochetosis demonstrated increased eosinophils and lymphoid follicles.
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More recent data from our group suggest that the density of bacteria colonizing the gastrointestinal mucosa (Fig. 2) plays a key role in the intensity of meal-related symptoms in FD patients and is closely correlated with the impairment of quality of life [45] .
While the above study focused on the mucosa-associated microbiome (bacteria permanently colonizing the gut mucosa), many other studies explored the link between the stool microbiome and symptoms. In a casecontrol study of 14 IBS-C patients and 12 sex-matched healthy individuals, analysis of fecal microbiota revealed significantly lower numbers of lactate-producing, lactateutilizing, and hydrogen-consuming bacteria [46] . Following assessment of starch fermentation in vitro, the microbiota of IBS patients produced more sulfides and hydrogen, and less butyrate, than those of healthy controls. Another study assessed intestinal fermentation in 114 patients with Rome III-defined IBS and 33 healthy controls, using intraluminal pH measured via wireless motility capsule, and levels of short-chain fatty acids in stool [47] . Colonic, but not small bowel, pH was significantly lower among IBS patients compared with controls, suggesting higher levels of colonic fermentation in IBS. However, levels of short-chain fatty acids were only significantly reduced among those with IBS-C. Others have reported that dysbiosis may lead to excess methane production [48] , which can slow the colonic transit and may contribute to constipation in IBS.
Colonization of the small bowel by fermenting bacteria, as in small intestinal bacterial overgrowth (SIBO), has also been proposed as a pathophysiological mechanism in FGID [49] . Researchers in the US demonstrated a prevalence of presumed SIBO in individuals with symptoms suggestive of IBS of almost 80%, using lactulose hydrogen breath testing [50] . However, other investigators have not replicated these results [51] , despite using similar methodology. In addition, direct aspiration and culture of jejunal secretions, is considered the gold standard for the diagnosis of SIBO, and a study that used this approach failed to detect any increase in the prevalence of SIBO among patients with IBS compared with healthy controls, but there was a significant increase in bacterial load in IBS [52] .
Investigators have subsequently treated IBS patients with the antibiotic rifaximin and, in a small placebo-controlled trial, both global symptoms and bloating improved [53] . In 2 large subsequent phase III randomized placebo-controlled trials [54] , in non-constipated IBS subjects, significantly higher rates of adequate relief of global IBS symptoms and bloating were reported among those randomized to receive rifaximin, although the benefit over placebo was modest (8-11% improvement), and none of the trial subjects underwent breath testing to confirm the presence of SIBO. Although these data suggest that the GI microbiota may play a role in symptom generation, the relatively small response rate indicates that a variety of other factors are involved, or rifaximin fails to eradicate the key organisms in most cases.
It is interesting to note that links exist between the brain and the manifestation of symptoms after an acute infection. When Wouters et al. [55] for post-infectious IBS (PI-IBS) in a large cohort of subjects exposed to drinking water contaminated with GI pathogens (e.g., norovirus, Giardia lamblia, and Campylobacter jejuni), the risk of developing symptoms consistent with a FGID was higher in subjects with pre-existing anxiety, as well as in younger individuals. The authors also observed an inverse link between anxiety scores and CD4-positive T-lymphocytes expressing interleukin (IL)-2. Interestingly, similar findings have been reported from the Millennium cohort [56] studying individuals in active military service. Anxiety or depression in the setting of acute gastroenteritis increased the risk of subsequent PI-IBS. This suggests a biological link between psychological factors and host susceptibility to infection. Indeed, in animal studies the effect of a chemically induced mucosal inflammation of the colonic visceral sensory function can be augmented if the animals are exposed to a stressor [57] . Thus, the effects of mucosal inflammation are likely modulated by CNS factors while the above data also suggest that gut inflammation alters the brain function.
Evidence for Low-Grade Mucosal Inflammation, Immune Activation, and Altered Intestinal Permeability in FGID
Numerous studies [58] have demonstrated that lowgrade mucosal inflammation is found in some individuals with IBS or FD [59] , if strict criteria are applied. In most patients, no cause can be found. However, it is possible that a thus far unrecognized infective agent contributes to this. This hypothesis is supported by studies that have demonstrated a higher prevalence of symptoms compatible with IBS in individuals with a prior history of acute enteric infection, compared with those without such exposure [42, 60, 61] . The fact that population-based studies demonstrate a link between mucosal eosinophilia in FGID patients and co-existing colonic spirochetosis [44] is also consistent with the concept of an infectious agent [62, 63] . Besides the histological evidence of mucosal inflammation, some investigators have shown activation of the immune system in patients with IBS, reflected by increased levels of cytokines in the colonic mucosa [64] , as well as an increase in release of proinflammatory cytokines from isolated PBMCs, particularly in patients with IBS-D [16] , and also in patients with FD [65] . Interestingly, high levels of these cytokines are associated with anxiety and depression [16, 66] linking the gut with altered brain function.
Whether these findings reflect genuine pathophysiological mechanisms, or are random associations remains unclear. On the contrary, supernatants from cultured PBMCs from IBS-D patients cause hypersensitivity to mechanical stimulation when applied to mouse colonic afferent nerve endings [67] . This effect can be blocked by the tumor necrosis factor-α antagonist infliximab. Interestingly, supernatants from IBS-C patients had no such effect. Analysis of IBS-D supernatants demonstrated elevated levels of the cytokines IL-1β, IL-10, tumor necrosis factor-α, and IL-6 among others, and the levels of these appeared to correlate with the frequency and severity of pain.
The cause of this altered immune function remains unclear, but one possible explanation is a defect in the integrity of the GI mucosal epithelial barrier. Subjects with PI-IBS were shown to have increased intestinal permeability, as measured using urinary excretion of lactulose and mannitol, compared with controls [68] . More recent studies in patients with IBS without an infective etiology suggest that a subset of these patients also have abnormal levels of intestinal permeability [69, 70] , and in one of these studies this increase in permeability correlated significantly with anxiety and depression [70] .
Evidence for the Role of Disordered BA Metabolism
BAs are produced in the liver, released via the bile duct into the duodenum. More than 95% of BA are reabsorbed in the terminal ileum with the rest passing into the colon, and returning to the hepatocyte via the portal vein, where they are recycled. This leads to the stimulation of the nuclear farnesoid X receptor in the intestinal enterocyte, which induces transcription of fibroblast growth factor-19, which in turn feeds back negatively on the hepatocyte via the fibroblast growth factor-4 receptor, mediated via the endoplasmic reticulum-resident protein klotho β, reducing the production of new BA [71, 72] . For many years, abnormalities of BA metabolism and disordered gut function have been recognized, for example, in patients with terminal ileal Crohn's disease with or without terminal ileal resection, diarrhea is driven by BA entering the colon [73, 74] . However, only during the last decade has this been addressed in patients with FGID. In cross-sectional surveys, up to 20% of patients with IBS-D may have evidence of idiopathic BA diarrhea based on 23-seleno 25-homotaurocholic acid retention scanning [75, 76] and interventions with the BA sequestrants have shown improvement in IBS symptoms [75] . However, this does not DOI: 10.1159/000485409 necessarily prove that impaired BA absorption is a relevant pathophysiologic factor since rapid small intestinal transit may result in impaired BA absorption.
Evidence for the Role of Abnormalities in 5-HT Metabolism
Serotonin, or 5-HT, is an important neurotransmitter in the brain and the enteric nervous system. The intestinal enterochromaffin cells, which function as sensory transducers of intra-luminal stimuli such as pressure, contain 90% of the body's total stores of 5-HT [77, 78] . Once released, 5-HT can activate both intrinsic and extrinsic primary afferent neurons, is integral to GI motility, and influences the transmission of information to the central nervous system. The re-uptake of 5-HT by enterocytes is via the serotonin transporter, where it is broken down to 5-hydroxy-indole acetic acid, thereby limiting its action. Therapeutic interventions targeting various 5-HT receptors have been successfully tested in IBS, adding further support to the notion that 5-HT is relevant to the generation of symptoms in IBS in at least some patients [79] .
Some of the earliest observations concerning the putative role of 5-HT metabolism in IBS were from studies reporting chronic increases in enterochromaffin cells among individuals who developed PI-IBS, compared with individuals exposed to an acute enteric infection but who recovered [80] . Subsequently, a study that measured 5-HT concentrations in platelet-depleted plasma demonstrated reductions in the release of 5-HT in patients with IBS-C after a standard meal, compared with PI-IBS and healthy individuals, and a higher peak in postprandial 5-HT in PI-IBS than in either IBS-C or healthy controls [81] . Similar results were obtained by another group of investigators in IBS-D, IBS-C, and healthy controls [82] .
This study also reported a normal 5-HIAA/5-HT ratio in IBS-C, but a reduced ratio in IBS-D, suggesting that patients with IBS-D may have reduced 5-HT re-uptake, while those with IBS-C have impaired release of 5-HT. More recently, uptake of 5-HT by platelets was reduced in patients with IBS-D, and levels of serotonin transporter mRNA in the duodenal mucosa were also reduced [83] . The latter seemed to be associated with duodenal immune activation, with increased numbers of IELs and mast cells being observed, and significant increases in tryptase release. Interestingly, in one study, alterations in 5-HT metabolism in 154 IBS patients did not seem to correlate with GI symptoms, or mood [84] . However, the technical issues of avoiding contamination from platelet release of 5-HT in these studies remain a concern.
Conclusions
Current data are not consistent with a single overarching pathophysiologic disease model for all FGIDs. Even FGIDs with defined symptoms (e.g., IBS-D) may be caused by a variety of different causes. In the ideal world, diagnostic tests would be applied to identify relevant disease mechanisms and therapeutic interventions selected accordingly. While new knowledge has emerged, this has as yet not translated into more targeted approaches. However, there are areas with rapid progress such as treatments that target the gastrointestinal microbiome which may drive a paradigm shift in the management of FGID.
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